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ABSTRACT 
Low temperature(600-800C) boron enhanced diffusion in 
boron implanted silicon was studied • u~1ng Secondary Ion 
Mass Spectrometry(SIMS), Spreading Resistance Profiling 
(SRP) , and 
techniques. 
I 
I 
I 
Deep 
It 
Level Transient Spectroscopy(DLTS) 
was demonstrated that annealing the 
implantation damaged surface region is the cause of the 
enhanced diffusion. The activation energy for this 
diffusion process was estimasted to be about 2.leV, which 
is much smaller than that needed for normal diffusion. '> 
Boron interstitials were identified as the major defect • 1n 
the tail region after implantation, however they are absent 
at high temperature anneals. Instead, a defect level at 
0.33eV was detected which is due to the boron-vacancy pair. 
The increase of the boron-vacancy concentration after the 
enhanced diffusion suggests that boron-vacancy is the end 
product of the enhanced diffusion. It is proposed that 
there is a decrease of the interstitial type, fast 
diffusing component and increase of the vacancy type, 
normal diffusing component as enhanced diffusion proceeds. 
Consequently, it is suggested that the enhanced diffusion 
of boron is closely related to the reverse annealing 
phenomena. A vacancy trapping mechanism of silicon 
interstitial-related defects is favored to account for the 
charge carrier concentration recovery and the termination 
1 
of the enhanced tail di·ffusion. 
2 
I. INTRODUCTION 
A.Background 
For electronic applications, boron doped silicon is 
the most frequently used p-type dopant. It is commonly 
introduced into crystalline silicon by ion implantation 
technique that has several advantages over the conventional 
thermal diffusion. For instance, ion implantation has the 
capabilities • 1n precisely controlling the dopant 
concentration and the junction depth. As the dimension of 
the integrated circuit shrinks down, ion implantation is 
now becoming an very important technique • in 
microelectronics fabrication. 
• However, in ion implantation technique, ions are 
accelerated at a considerable high energy(~.g. 10-400keV) 
and implanted into crystalline silicon through a series of 
collision with the host atoms. A large amount of damage is 
therefore created. As a result, subsquent annealing • 1S 
necessary to remove the introduced crystal damage and to 
bring the dopant ions into substitutional lattice sites • in 
order to achieve the highest electrical activation. It has 
been observed that when boron implanted silicon • 1S 
annealed, boron in the tail region usually diffuses 
anomalously fast with a diffusivity two orders of magnitude 
higher than that of the "normal" diffusion. Further, this 
I 
pronounced diffusion is a transient phenomena. A typical 
3 
' 
example of this diffusion behavior is shown in Fig.1.1 for 
70 keV, 1x1015cm- 2 boron implanted silicon after aoo 0 c, 35 
min annealing(l]. At that temperature with the 35 min 
annealing, the intrinsic diffusivity of boron in silicon is 
too small to allow the diffusion of boron to be measured. 
However, a pronounced tail developed as shown in Fig.1.1. 
Attempts have also been made to minimize the dopant 
diffusion by using high temperature short time annealing 
(rapid thermal annealing or RTA). Unfortunatly, as shown 
in Fig.1.2, even a 5 sec anneal at 1050C does not eliminate 
the pronounced diffusion tail[2]. 
The cause of this transient enhanced diffusion has 
been the subject of considerable interest recently. Such 
effect presents problems in minimizing the junction depths 
as well as the final dimensions of the integrated circuits. 
Clearly, future scaled down ULSI • requires that this 
enhanced diffusion tail be avoided and the understanqing of 
the mechanism(s) that dominants the anomalous diffusion 
behavior is necessary. Unfortunately, there has been no 
satisfactory interpretation on this diffusion effect so 
far. The proposed mechanisms and experimental results • in 
the literature also seem contradictory. 
Hofker et al[l] proposed that the enhanced diffusion 
tail is due to the diffusion of boron interstitials. The 
boron interstitials are formed during the implantation or 
may be created during the annealing process by the 
4 
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Fig.1.1.Boron concentration profiles of a 70keV,1x1015cm-2 , 
boron implanted silicon annealed at various temper-
ature. Noteice that even at low temperature an-
neals(700-800C), pronounced diffusion occurs in the 
tail region[!]. 
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6 
displacement of substitutional boron 
interstiti~ls(Watkins mechanism). This fast 
by silicon 
diffusion of 
boron interstitials· stops either by trapping on defects or 
by a transition to substitutional lattice sites. Hodgson 
et al[3] also explained the transient enhanced diffusion by 
one of the mechanisms proposed by Hofker et al that the 
. ~ 
channeling boron ions in the tail region come to rest in 
interstitial sites and they are the fast diffusion species. 
However there has been a controversy as to the existence of 
boron interstitials at high temperature. Watkins[4] found 
from an electron paramagnetic resonance study that boron 
interstitials are unstable at room temperature. 
Troxell's[5] deep level transient spectroscopy(DLTS) study 
also indicated that boron interstitials would anneal out at 
above 240°K. While an internal friction experiment by Tan 
et al[6] indicated that boron interstitials can exist at 
3oo0 c. Further, Fink et al[7] have stated that boron can 
remain in interstitial lattice sites below-1400°K. 
On the other hand, Orhelien et al[8] favored an 
explanation that takes 
created during the • ion 
into consideration the 
implantation . He proposed 
damage 
that 
point defects released during the annealing would aid boron 
diffusion. Fair et al[2] also suggested that point defects 
released during the dislocation network can migrate to the 
tail region and enhance boron diffusion. More specifically, 
both vacancies and silicon self-interstitials have been 
7 
• 
1 
proposed to form complexes with boron ions which lead to 
the enhanced boron diffusion[9,10]. 
In general, the above proposed mec~anisms fall into 
two groups, as indicated in Fig.1.3. One is that the 
channaling tail contains mainly boron interstitials which 
diffuse anomalously fast upon annealing. The other 
suggests that the implantation damage(e.g. vacancies and/or 
silicon self-interstitials) created near the boron 
distribution peak • 1S responsible. These mechanisms were 
recently investigated by some authors using different 
experimental techniques[ll,12]. However, their results were 
also contradictory. 
Hopkins et al[ll] compared the diffusion of boron in 
the tail region by using rapid thermal annealing at llOOC 
of boron implanted silicon, with and without the heavily 
damaged surface • region. Their results, as shown • in 
Fig.1.4, showed nearly identical boron diffusion for the 
samples with and without surface removed. This indicates 
that the enhanced diffusion of boron • 1S a "local" 
phenomena. The defects in the surface region induced by 
. ion implantation are not responsible. Their observations 
therefore apparently favor the channel-tail interstitial 
boron diffusion mechanism. 
However, Cho et al[l2J carried out a 
thermal annealing(l050C) experiment of 
subsequent 
11B and 
rapid 
lOB 
double-implanted silicon. They found that by a second 
8 
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10 
( 
implant of 10a into an annealed 118 implanted silicon(where 
the 11B ions in the tail region are already activated and 
in substitutional sites), enhanced diffusion of 11B as well 
lOB is still observed, shown • Fig.1.5. This as as in 
result, on the contary, indicated that the enhanced 
diffusion is associated with the ion implantation damage 
and is not caused by the boron interstitials in the tail 
I 
region. Furthermore, Michel et al[l3] reported a strong 
temperature dependence on the concentration of the mobile 
boron atoms which made the interstitial fraction of the 
implanted boron unlikely the cause for the 
diffusion. 
enhanced 
The disagreement between the observation by Hopkins et 
al [11] with those by others[l2,13] has been attributed to 
having not removed all the implantation damage, in which 
some defects extend deeply into the tail region. However, 
this argument may not be convincing since such extended 
defects in the tail region may constitute only a small 
fraction of the total defects introduced. Nevertheless, 
there is a possibility that the chemical etching performed 
did not uniformly remove the majority of the implantation 
damage. 
In this thesis, the effect of surface damage and/or 
the channel-tail boron on the enhanced diffusion is studied 
by comparing the tail region of the etched samples with 
that of the unetched samples. Anodic oxidation and oxide 
11 
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12 
I 
stripping techniques were applied to remove surface silicon 
for profile comparison. The boron concentration profiles 
were obtained with secondary ion mass spectrometry(SIMS). 
The activation energy of the diffusion process was 
estimated. Spreading resistance profiles(SRP) were also 
measured to compare with the SIMS profiles. Furthermore, 
the defects in the tail region before and after annealing 
were studied by deep level trasient spectroscopy(DLTS) in 
order to determine the possible defects that cause the 
enhanced diffusion. 
13 I 
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II.EXPERIMENTAL 
A.Sample Preparation 
The wafers used for this studies were 149-280 ohm-cm 
and 590-660 ohm-cm phosporous doped n-type FZ silicon (for 
SIMS and SRP measurement), and 12-20 ohm-cm boron doped 
p-type FZ silicon(for DLTS study). All the wafers were 
chemically cleaned in an acid solution containing H2so4 and 
H2o2 to remove the organics. Hot concentrated nitric acid 
and 10 percent hydroflouric acid were then applied to 
remove the possible active ions(e.g. Na+) on the silicon 
surface. After cleaning, the wafers were implanted with 
11B at 50keV to a dose of 1x1015cm- 2 using a Extrion-200 
ion implanter. The implantations were made • in a non 
channeling direction(? degrees off the <110> direction) in 
order to prevent ion channeling. The beam current was kept 
low(-0.7uA) to avoid beam heating effects. 
After ion implantations, part of the samples were 
divided and subject to anodic oxidation and oxide 
stripping. The anodic oxidation was done with a facility 
shown in Fig 2.1 where a electrolyte solution of KN03 
• in 
ethylene glycol was used. After the electrochemical 
reaction a layer of silicon dioxide was formed on the 
silicon surface. The oxide was typically 300 angstroms • in 
thickness(as measured by an elipsometry) and was 
subsequently removed with 10% HF solution. These processes 
16 
• 
light 
-------- Electrolyte 
---~--
- - - -
(a) side view 
(b) top vie:,, 
4.0 g KN03 in.100 c.c. 100 ml DI water and 900 ml 
ethylene glycoi 
Pt electrode 
Al contact 
B implanted layer 
Si substrate 
Folded aluminum foil 
for back contact 
Fig.2.1.Schematics of the apparatus for anodic oxidation 
· and oxide stripping of silicon. 
17 
} 
were repeated several times. As a result, 2600 angstroms 
of silicon was uniformly removed from the surface by these 
techniques. The purpose of this process is to etch away 
the damaged portion induced by ion implantation before the 
annealing. 
For diffusion analysis, the unetched wafers were 
furnance annealed at various temperature(s2s0 c, 625°c, and 
800°C) for • 30m1n. While for the study of the surface 
damage effect on the enhanced diffusion, both the etched 
and unetched samples were annealed at the same time at 
"' 
aoo 0 c. The temperature was so chosen that the enhanced 
diffusion I gives a I I I s1gn1f1cant diffusion tail while the 
"normal diffusion" can be neglected. The annealing times 
were varied from 15min to 1hr. Fig.2.2 shows the 
procedures of the sample preparation for SIMS as well as 
spreading resistance profiles analyses. 
·a.secondary Ion Mass Spectrometry(SIMS) 
Fig.2.3 shows the schematic diagram of a secondary ion 
mass spectrometry[l]. In this technique, ' an ion 
beam(primary beam) sputters material off the surface of a 
sample. The sputtered ionic components are extracted and 
mass analyzed with a magnetic prism or quadrupole analyzer. 
The intensity of the detected signal during sputtering then 
gives a depth profile of the chemical species. 
In this study, all analyses were made on a Camica 
18 
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Secondary Ion Mass Spectroscopy (SIMS) 
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ION SOURCE 
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ION BEAM 
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ION BEAM 
MASS 
ANALYZER 
DETECTOR 
Fig.2.3.Schematic of a secondary ion mass spectrometry[l]. 
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IMS-3F ion analyzer with o + 2 primary beam at 6aV input 
The crater energy. 
profilometer. 
depths were measured with · a 
A boron calibration implant was protiled to 
determined boron detection limit(lxlo15cm- 3 ) and for use in 
quantitation of the samples. Measurements for each sample 
were repeated several times to ensure consistency. Silicon 
concentrations were .also analyzed to ensure that they were 
constant during the measurement. A typical SIMS result is 
shown in Fig.2.4 where the boron concentration after an 
15 -2 0 1 t I O t d SOkeV, lxlO cm imp anta 10n 1s presen e. 
C.Spreading Resistance Profiling(SRP) 
The spreading resistance pro1:iling technique [ 2] was 
used to study the electrical property of the implanted 
silicon. Fig.2.5 shows the schematics of the ASR-100 
spreading resistance probe used in this study. The 
spreading resistance of the beveled samples was measured by 
comparing the monitored current passing through the two 
probes where the voltage was held constant through a 
standard resistor. A set of spreading resistance values 
were then obtained by running the probes through the 
beveled surface with certain step intervals(e.g. o.sum, 
lum, Sum steps) . 
In order to calculate the depths for the spreading 
resistance measurement from the distance the probes 
travel, the shallow beveled angle must be measured. In 
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depths 
primary beam at 6eV input 
were measured with a 
A boron calibration implant was profiled to 
~lim)ed boron detection limit(lxlo15cm-3) and for use in 
qpuam,tlbt.D.irm of the samples. Measurements for each sample 
1PDe ~ated several times to ensure consistency. Silicon 
oamioemtrations were also analyzed to ensure that they were 
<OmmStant during the measurement. A typical SIMS result is 
~ ii.an Fig.2.4 where the boron concentration after· an 
5®bW~ ll.Xl015cm-2 implantation is presented. 
C.Spirieading Resistance Profiling(SRP) 
'ID.he spreading resistance profiling technique[2] was 
electrical property of the implanted 
sili(oon,. Fig. 2. 5 shows the schematics of the ASR-100 
sp~eading resistance probe used in this study. The 
spreading resistance of the beveled samples was measured by 
ocmrp:aring the monitored current passing through the two 
probes where the voltage was held constant through a 
A set of spreading resistance values 
vere 1l:!nen obtained by • running the probes through the 
beveled surface with certain step intervals(e.g. 0.5um, 
1.umm, 5ruim steps). 
][n order to calculate the depths for the spreading 
resistance measurement from the distance the probes 
travel, ttne shallow beveled angle must be measured., In 
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thi• work, the angle• were meaaured u•ing interferometry 
microscopy. The principle and calculation can be reviewed 
in Ref.2. As a result, the depth profile ot the spreading 
resistance can be obtained. An example of apreading 
resistance profile is shown in Fig.2.6. 
It is known that the spreading resistance measurement 
is very sensitive to the sample surface and the probe 
condition. Very elaborate calibration procedures are often 
necessary. However due to the complex interdependence of a 
number of variables invovled in this tecl.,nique, no attempt 
was made to quantitatively convert the spreading resistance 
into carrier concentration. Only qualitative comparison of 
the profiles will be made in this study. 
D.Deep Level Transient Spectroscopy(DLTS) 
Fig.2.7 shows the schematic of deep level transient 
spectroscopy technique which was introduced by Lang(3] in 
1974. The capacitance transient after the trap filling 
pulse results from the release of the trapped charge from 
deep level charge traps. The transient, which is a 
composite of several individual transients due to carrier 
emission from each type of defect, can be analyzed by a 
transient analyzer. The most important" info~ation, 
energy level of the defects, can be o~tained from 
• 1. e., 
their 
charge emission characteristics. In this work, DLTS 
measurements were made on a conventional double box-car 
\ 
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probe. 
this work, the angles were measured using interferometry 
microscopy. The principle and calculation can be reviewed 
in Ref.2. As a result, the depth profile of the spreading 
resistance can be obtained. An example of spreading 
resistance profile is shown in Fig.2.6. 
It is known that the spreading resistance measurement 
is very sensitive to the sample surface and the probe 
condition. Very elaborate calibration procedures are often 
necessary. However due to the complex interdependence of a 
number of variables invovled in this technique, no attempt 
was made to quantitatively convert the spreading resistance 
into carrier concentration. Only qualitative comparison of 
the profiles will be made in this study. 
D.Deep Level Transient Spectroscopy(DLTS) 
Fig.2.7 shows the schematic of deep level transient 
spectroscopy technique which was introduced by Lang[3] in 
1974. The capacitance transient after the trap filling 
pulse results from the release of the trapped charge from 
deep level charge traps. The transient, which is a 
composite of several individual transients due to carrier 
emission from each type of defect, can be analyzed by a 
transient analyzer. The most important information, • i.e., 
energy level of the defects, can be obtained from their 
charge emission characteristics. In this work, DLTS 
measurements were made on a conventional double box-car 
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averager to analyze the capacitance transient. Different 
emission rates of the charge traps can be monitored by 
adjusting the aperture delay range on the double box-car 
averager. The trap energy levels can then be obtained by 
plotting the emission rate versus inverse temperature at 
which the DLTS signal is peaked. 
Specimens for DLTS study were prepared from the 
samples annealed at aoo 0 c for 18min and 45min. The 
temperature and annealing times were so chosen that the 
observed defect levels of the samples within and beyond the 
enhanced diffusion transient can be compared(-35min at 
aoo 0 c). The annealed samples were then subjected to anodic 
oxidation and oxide stripping to remove 3500 angstroms of 
silicon from the surface, leaving only the tail region for 
analysis. A sample containing the tail region of the 
as-implanted silicon was also prepared in a similiar way. 
Eventually, Schottky diodes were made from these samples by 
evaporating aluminum onto the etched silicon surface 
followed by plasma etching to fabricate the mesa structure 
for DLTS analyses. I specimen The sequenc1s of the DLTS 
preparation is shown in Fig.2.8. 
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III.RESULTS AND DISCUSSIONS 
A.Secondary Ion Mass Spectrometry(SIMS) 
In the first section we have discussed the controversy 
as to the role of the implantation damaged surface region 
and/or the tail region on the enhanced tail diffusion of 
implanted boron. The disagreement over the observation by 
Hopkins et al with those by others has been outlined. In 
/ 
this study we have used anodic oxidation and oxide 
stripping as the silicon surface removal techniques which 
is much more uniform than using chemical etching in the 
hopes of comfirming mechanisms for the tail diffusion. 
Fig.3.1 showes the diffusion profiles of the etched 
and unetched samples by SIMS after an aoo 0 c anneal for 
18min and 1hr. The as-implanted profile is also compared. 
As annealing proceeds, the samples with no surface removal 
show significant boron diffusion in the tail I region. The 
samples with 2600 angstroms silicon removed show very 
similiar tails with essentially little movement observed 
even after the 1hr annealing with respect to the 
as-implanted profile. This simply indicates that by 
stripping off the surface region, the sources causing the 
enhanced diffusion are eliminated. The results are clearly 
suggestive that the surface region, which consists of the 
majority of the implantation damage, is responsible for the 
observed enhanced boron diffusion. 
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Fig.3.1.SIMS depth profiles of 50keV,lxlo15cm-2 ,boron 
implanted silicon samples which were SOOC annealed 
for 18 min and 1 hr. Results for the etched and un-
etched samples are compared with the as-implanted 
profile. 
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In order to characterize the enhanced tail diffuuion 
of boron, the diffusivities at various temperatures and the 
activation energy for this diffusion process are nlso 
estimated. Fig.3.2 compares the boron distribution of the 
. 0 0 0 0 O as-implanted and the 525 C, 625 c, 650 C, 700 C, and aoo c 
annealed boron implanted samples. A significant movement 
of the tail region can be noticed at as low as 625°c. It is 
seen that The formation of the tail occurs at increasing 
boron concentration for higher annealing temperatrure. 
This agrees with the idea that the mobile fraction of the 
boron atoms, as well as the defects causing the boron 
motion, is strongly temperature dependent[l]. Due to the 
lack of complete understanding of the distribution of the 
mobile component of boron at variuos annealing temperature, 
Gaussian diffusion profile was not applied in the present 
study to calculate the boron diffusivity. Instead, only 
time averaged diffusivity of boron in the tail region is 
estimated using the relation D=(xt) 112 , where xis the 
redistrbution diffusion length. The diffusivities so 
determined at boron concentration of 3x1016 ,6x1016 , 1x1017 , 
and 2x1017 cm- 3 are plotted against the inverse temperature 
in Fig.3.3. The actvation energies determined from the 
slope of the 625°C,65o0 c, and 100°c data are 2.l-2.3eV. The 
deviation of the soo 0 c data from the fitted straight line 
is attributed to the fact that the majority of the fast 
diffusing boron has been "saturated" with a defect of some 
32 
21 
10. 
1020 
~ 19 
cp 10 
E 
u 
Z 18 Ql) 
~ 
t- 17 
10 
8 16 
10 
800°C 
700°C 
6S0°C 
625°C 
50keV.1xld5cm-~ Boron 
implanted Si 
30 min annealing 
525°Cand as-implanted 
0.1 0.2 0.3 O.L. 0.5 0.6 
DEPTH (microns) 
Fig.3.2.SIMS profil!~ f2~ the various temperature annealed, 
50keV, lxlO cm boron implanted silicon. 
33 
\, 
r 
0 D = x2/t 
0 Boron 
conc.(cm-3) 
V 0 3El6 
~-14 a 6El6 (lJ 10 
CJ) 
""'-- ~ 1E17 
N 
E 
v' 2El 7 CJ 
'---' 
~ 2.leV 
+J 
Ti 
:>-15 
~10 2.3eV 
::l 
~ 2.leV 2.3eV 
4-f 
~ 
A 
-16 
10 0. 8 1.0 1.2 1.4 
1000/T( °K-l) 
Fig.3.3.An Arrenhnius plot of boron diffusivity vs. the 
inverse temperature to determine the activation 
energy. 
34 
.. 
• 
kind after the 30min anneal, which gives the lower value of 
the resultant diffusivity. The estimated 2.1-2.3eV 
activation energy is in good agreement with those by many 
authors[2-4] and is much smaller than that needed for 
"normal diffusion"(-3.5eV[5]). 
B.Spreading Resistance Profiling(SRP) 
The spreading resistance profiles of the etched and 
unetched samples after aooc anneal for various times are 
summarized in Fig.3.4 where the spreading resistance • 1S 
plotted against the depth. Only data in the tail region is 
presented. It is seen that these boron activation profiles 
show quite similiar characteristics as those of the SIMS 
profiles shown in Fig.3.1. 
the 
with 
profile broadening is also 
the previously observed 
ient of 30 to 45min for 
n iced which is consistent 
( 
$)MS profiles for soo0 c 
" annealing. In general, the SIMS and SRP results of Fig.3.1 
and Fig.3.4 are in good agreement in that shallow 
electrical as well as metallurgical junctions are retained 
with surface silicon removed. Again, the defect-rich 
surface region is effecting the enhanced tail diffusion of 
implanted boron. Boron interstitials in the tail region 
therefore can not.be responsible for the enhanced tail 
diffusion. This may support the model that point defects 
released from the damaged region during annealing promote 
boron diffusion in the tail . 
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implanted silicon is shown for comparison. 
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In Fig.3.4, the result obtained from the as-implanted 
sample is also shown for comparison. It is believed that 
the inactivation of the as-implanted boron in the tail ; 
region is due to the channeled boron ions that come to rest 
in the interstitial lattice sites, as will be seen in the 
next section, boron intertstitials are identified as the 
major defect in the tail region. Upon annealing, these 
channeled boron interstitials become activated by occupying 
the substitutional lattice sites. From Fig.3.4, it is 
evident that this activation process for the silicon-etched 
samples is mostly completed within 18min annealing, while 
causing no boron redistribution according to the SIMS 
results in Fig.3.1. In fact, it is believed that boron 
interstitials anneal out within the first few minutes in 
the begining of the annealing since Fig.3.5 shows that the 
activation of boron in the tail is nearly completed even 
for Smin anneal at 650°c. This further supports the fact 
that channeled boron in the tail region is not the fast 
diffusing specie. The immobility of the channeled boron 
t 
interstitials • 1S not understood at this time. 
possibility is that these boron interstitials 
One 
form 
complexes with other defects in the tail region or occupy 
an interstitial site, whose configuration hinders the long 
range migration .. 
C.Deep Level Transient Spectroscopy(DLTS) 
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Now that it is demonstrated that enhanced tail 
diffusion of implanted boron is due to the annealing of the 
implantation damaged surface region. However, the type of 
defect(s) that may cause this enhanced diffusion is still 
not clearly understood. In this thesis, deep level 
transient spectroscopy_ was used as a tool for defect study. 
Fig.3.6 shows the DLTS spectrum of the tail region of an 
as-implanted sample. Three electron traps were detected at 
the energies 0.45eV, 0.49eV and 0.63eV from the conduction 
band edge. The 0.45eV level has been previously identified 
as due to boron interstitials[6]. This finding agrees with 
the idea that the majority of the implanted boron ions come 
to rest in the interstitial lattice sites in the tail 
region of its distribution. However, the SIMS and 
spreading resistance results from Fig.3.1 and Fig.3.2 have 
demonstrated that the tail region alone can not cause the 
enhanced diffusion. Therefore boron interstitials in the 
tail region are not the fast diffusing species during the 
annealing. In fact, as will be seen in Fig.3.7, The 
disappearance of the boron interstitial energy level 
support the fact that boron interstitials are not 
responsible for the enhanced tail diffusion. 
The spectrum obtained from the tail region of aoo 0 c 
18min and 45min annealed samples are shown in Fig.3.7. 
These anneal times were so chosen that the observed defect 
levels of the samples within and beyond the enhanced 
39 
• • • 
• 
as-implanted 
160 200 24Q 
Temperature( K) 260 
Fig.3.6.A DLTS spectrum obtained from the tail region of 
the boron implantation profile. Three electron 
traps were detected. The energies were measured 
from the conduction band. 
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ditfusdion transient (30min to 45min) can be compared. It 
is seen that simply one hole trap was detected with an 
energy level 0.33eV from the valance band. Bains et al[7] 
reported the hole trap energy level of O.JleV and 0.37eV 
..... 
from the electron irradiated boron-doped silicon, which 
they suggested to be due to the boron substitutional 
-vacancy pairs. Pensl et al[S] suggested that a deep level 
at 0.300eV can be best explained as due to boron-vacancy 
complexes. Harris[9] also detected a 0.32eV energy level 
from electron irradiated sample, which was identified as 
due to the boron-vacancy pairs. A summary of the previous 
data is shown in Table 3.1. The similarity between the 
above energy levels and ours(0.33eV) suggests that the 
defect level in Fig.3.7 is due to the boron-vacancy pairs. 
The observed 0.33eV defect level in Fig.3.7 • 1S 
believed to be strongly related to the boron enhanced 
diffusion process. It • 1S interesting to see that the 
concentration of the defect is more than twice as large in 
the 45min annealed sample, where the enhanced diffusion has 
ended, than in the 15rnin annealed one, where the enhanced 
diffusion • still in Assuming the defect is the is process . 
boron-vacancy • the • I the defect pair, increase in 
concentration does not necessarily imply that the 
boron-vacancy • the fast diffusing • 1S species, as was 
proposed by Chu et al[ll]. This argues that if it is the 
boron-vacancy that I I is moving, the higher boron-vacancy 
42 
Table3.l.Previous data on the DLTS energy levels. 
Troxell et .al 
( 1980) . 
Harris et al 
( 1982) 
Pensl et al 
(1984) 
Chantre et al 
( 1985) 
Bain et al 
( 1985) 
energy level 
E(0.45eV) 
H(o.32eV) 
H(0.30eV) 
H(0.36eV) 
·' 
H(0.31 eV) 
H(0.37eV) 
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model 
• 
Bi 
Bs-V 
Bs-V 
Bs-V 
Bs-V 
) . 
• 
concentration observed would have induce more pronounced 
enhanced diffusion after the 45min annealing. Instead, we 
propose that the higher concentration of the boron-vacancy 
' 
pair in the tail region of theJ 45min anneal is the end 
product of the motion of the boron rather than the cause. 
In fact, the boron-vacancy pair being the normal diffusing 
species has been previously suggested[S,12]. Further, from 
the TEM microstructure analysis performed by Jenn-Hwa 
Huang[l4], the existing of the "rod-like" defects in the 
• enhanced diffusion temperature range indicates the strong 
activity associated with silicon interstitials. For 
instance, silicon interstitials released during the 
networking of the extended defects may enhance boron 
diffusion[13]. The observed increase of boron-vacancy 
pairs after the end of the enhanced diffusion may imply a 
decrease of the interstitial type, fast diffusing component 
and • increase of the vacancy type, normal diffusing 
component as enhanced diffusion proceeded. 
D.Correlations with the Reverse Annealing Phenomena 
It is well-known that as the boron implanted silicon 
is annealed, reverse annealing occurs in the temperature 
range 500-700°c. This anomalous behavior has been recently 
studied extensively by J.Huang[l4]. A typical annealing 
curve • 1S shown in Fig.3.8 where the charge ' carrier 
concentrations of a 50KeV, 1x1015cm-3 , boron implanted 
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silicon are plotted against the anne~ling temperature, the 
duration of the annealing being 30 mi1,utes. The activation 
energy for the charge carrier loss an(, recovery processes 
were estimated to be about 2.7eV and 4.61eV respectively • 
One interesting thing is that • in Fig.3.8 the onset 
temperature of charge carrier recovery process, which is 
about 6so0 c, is coincident with the temperature that 
enhanced diffusion is observed(Fig.3.2). It is suggested 
that both the reverse annealing and enhanced diffusion are 
closely related. 
It was demonstrated by transmission electron 
microscopy (TEM) that there are no pr~cipitates as well as 
Ai?_ 
other extended defects associated with the reverse 
annealing. In fact, the observed rod-like defects(silicon 
interstitial type) were found at temperatures higher than 
65o 0 c, which is not consistent with the charge carrier loss 
temperature range. These suggested that there are defects, 
having size beyond the resolution of TEM, that cause the 
reverse annealing. This favors a • • micro-mechanism for the 
reverse annealing, namely, the boron-point defect complexes 
mechanism. The 2.67eV for the charge carrier loss process 
therefore corresponds to the energy of boron being trapped 
in the point defect clusters, which makes boron 
\ 
electrically inactive. Possibly, the diffusion of both 
boron ions and point defects • 1S involved . On the other 
hand, the 4.6leV activation energy for the charge carrier 
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recovery process is comparable to that of silicon self-
diffusion[l5]. This implies that the return of boron into 
electrical activation is due to capturing of the opposite 
type of point defects by the boron-defect clusters. 
Recently Michel[l] estimated an activation energy of 
4.7eV for the decrease of the boron diffusion transient 
with increasing temperature. The coincidence .. between this 
value and the 4.6leV from J.Huang's study suggests a 
similiar mechanism governs the activation process of the 
reverse annealing, which is the trapping of point defects 
by boron-defect cluster, and also governs the termination 
of the enhanced diffusion. 
The activation of boron, which apparently involves 
silicon self-diffusion, has been explained in terms of 
capturing of thermally generated silicon interstitials by 
boron-vacancy clusters[l6]. However, it is not understood 
why the excess silicon interstitials that are active do not 
contribute to the trapping effect and lower the activation 
energy. Alternatively, thermally generated vacancies can 
be trapped by boron-interstitial clusters, and possibly the 
fast diffusing component is released directly from these 
clusters.· Actually it is generally agree that at 
temperature lower than about 1000°c, silicon self-diffusion 
is dominated by a monovacancy mechanism, while at high 
temperature, a interstitialcy mechanism[l5]. The 4.6leV 
for the carrier recovery as well as the 4.7eV[l] for the 
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,. 
• 
decrease of the enhanced diffusion time constant can 
therefore be best interpretated as due to self-diffusion of 
silicon via the vacancy mechanism. 
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IV.SUMMARY 
A.Proposed Mechanism for Boron Enhanced Diffusion and 
Reverse Annealing 
In this thesis, the enhanced tail diffusion of 
implanted boron was studied. The investigation of the 
damaged surface region and/or the channel tail effect on 
the tail diffusion was carried out in a way similiar to 
that of Hopkins et a1[1]. However, surface removals were 
performed by anodic oxidation and oxide stripping 
techniques. Good agreement is obtained between the SIMS 
and spreading resistance results. It is demonstrated that 
the enhanced diffusion is due to the annealing of the 
defect-rich surface region, in which fast diffusing 
component is released and moves to the tail. Relative 
shallow junctions are retained by removing this surface 
region. Although boron interstitials are detected from the 
as-implanted silicon, little effect is attributed to them 
since they do not survive high temperature anneals. 
From the DLTS study, only boron-vacacy pairs exist 
during the enhanced diffusion. Unfortunately, the boron-
vacancy pair as being the cause of the enhanced diffusion 
is not favored since its concentration increases even a~ 
the diffusion transient is over. Instead, it is proposed 
that these boron- vacancy pairs are more likely the end 
product of the enhanced diffusion rather than the cause. 
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From the previou~ observation(TEM) that excess silicon 
interstitials 
temperature 
are active 
range, the 
in the 
help 
enhanced 
of excess 
diffusion 
r 
silicon 
interstitials on the boron enhanced diffusion is favored. 
Finally, a consistent mechanism may be proposed to 
account for both the reverse annealing and enhanced 
diffusion phenomena. As is expressed in Fig.4.1, it I lS 
proposed that in the temperature range 500--625°c, the 
majority of the implante~ boron ions get trapped by the 
silicon interstitial clusters which are formed during and 
after the implantaion. These boron-silicon interstitial 
clusters then release excess silicon interstitials at 
temperatures higher than -625°c, which subsequently undergo 
a continuous interchange with substitutional boron, or they 
can react with substitutional boron to form fast diffusing 
boron-silicon interstitial pairs. In the mean time, both 
the fast diffusing boron-silicon interstitial pairs and the 
boron-silicon interstitial clusters can capture the 
thermally generated vacancy and eventually reactivate the 
trapped boron and stop the enhanced diffusion. 
B.Future Work 
In this study, it is demonstrated that shallow 
junctions can be obtained provided that the implantation 
damaged surfce I region is removed. This suggests the 
p~ssibility that future shallow junctions be fabricated 
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Fig.4.1.Proposed mechanism for boron enhanced diffusion and 
reverse annealing. 
'. 
simply by implanting boron into an oxide-capped silicon 
substrates such that the surface damage is contained in the 
oxides. The loss of peak dopant concentration may be 
compensate~ by a high dose implant which results • in a 
higher tail concentration. Since it is the boron 
interstitials in the tail region that are activated(at 
650-SOOC) and undergo no considerable diffusion, high 
temperature annealing can be prevented. Further, the 
possible disappearance of the rod-like defect in the tail 
due to the removal of the excess interstitials-rich surface 
region may effectively improve the junction properties. 
Clearly, more research has to be carriered out in this 
area. 
Besides boron, implanted phosphorus also exhibits 
enhanced diffusion during 
Fig.4.2 shows an example of 
low 
a 
temperature annealing. 
14 -2 3xl0 cm· , phosphorous 
implanted silicon, in which the enhanced diffusion occurs 
at 837C anneal[2]. Although similiar study can be carried 
out on the implanted phosphorus, the implanted structure is 
much more complicated which can involve the formation of an 
'" 
amorphous layer. Futhermore, reverse annealing of 
phosphorus implanted silicon has been reported[3J, as shown 
in Fig.4.3. Our preliminary study, Fig.4.4, also shows 
( 
that reverse annealing of implanted phosphorus is ion dose, 
which, in turn, is damaged structure dependent. It is 
believed that a similiar interrelation exists between the 
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Fig.4.2.SIMS profiles of a phospho~s implanted silicon. 
Notice that pronounced diffusion occurs as well[2]. 
/ 
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implant, 
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which causes the formation of the amorphous 
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enhanced diffusion and reverse annealing of phosphorus 
implanted silicon. 
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